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Abstract 
Didemnid species are assessed as species with a high invasive potential for Australia and as such are listed as target species for both state and 
national monitoring programs. The presence of the sea squirt Didemnum perlucidum (Monniot, 1983) was first documented in Australia in 2010 
and has since then been detected extensively throughout the state of Western Australia and in the Northern Territory. These detections have raised 
important questions as to the origin and potential impact of this species in Australia. The current study was initiated to review the current known 
global geographic range of D. perlucidum and to obtain specimens that could support molecular studies aimed at evaluating the potential origin of 
this species in Australia. Characterization of 5’ COI mitochondrial sequences from 286 specimens revealed a remarkably low level of genetic 
diversity across the current known range of D. perlucidum and the existence of one main widespread genetic haplotype. Such findings suggest that 
all locations sampled in this study may in fact represent introductions of D. perlucidum and that the natural native range of the species remains 
unknown. Our demonstration that specimens (n=187) originating from across a broad expanse of the Australian West Coast were comprised of a 
single haplotype also lends support to the hypothesis that D. perlucidum is a species that has been introduced recently into Australia. This 
hypothesis is supported by the fact that D. perlucium distribution in Australia is mostly confined to artificial structures, it has displayed invasive 
characteristics, and its presence is now being detected across an increasingly wide geographical area. Given the demonstrated low level of genetic 
COI variation across its known global distribution, lack of clarity around its native range, and limited availability of data on this species globally, we 
recognize the requirement for further work to more fully elucidate the exact origins and patterns of distribution of D. perlucidum in Australia. This 
study represents the most comprehensive mapping of the current global distribution of D. perlucidum conducted to date and will hopefully motivate 
further studies aimed at elucidating this species biology, origin, high-risk routes and impacts. 
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Introduction 
The human-mediated transport of species outside of 
their native ranges is recognised to have dramatically 
increased during the last century due to industriali-
zation, human population growth, and globalization 
(Elton 1958; Carlton 2011). Global anthropogenic 
influence and the lack of baseline surveys undermine 
certainty in assigning new records to a native or 
introduced status. Species that cannot be reliably 
assigned to either category are referred to as 
“cryptogenic” (Carlton 1996, 2011). One example of 
a cryptogenic species is Didemnum perlucidum 
(Monniot, 1983), a colonical ascidian that was first 
documented in Australia from the Swan River, Perth, 
in 2010 (Smale and Childs 2012).  
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Figure 1. Map showing worldwide distribution of D. perlucidum, number (n) of colonies and haplotypes observed per country 
sampled in this study. Pie charts indicate the proportion of the three identified haplotypes (Hap1, Hap2 and Hap3). A fourth 
haplotype (Hap4) reported from India by Jaffar Ali et al. (2015) is indicated by GenBank Accession number KR303626. For detail 
on sampling locations within countries please refer to Table 1. Locations from where D. perlucidum had been previously identified 
include Guadeloupe (Monniot 1983), Tahiti in French Polynesia (Monniot et al. 1985), Brazil (Rocha and Monniot 1995), Belize 
(Goodbody 2000), Venezuela (Rocha et al. 2010), Senegal (Monniot and Monniot 1994), Tanzania (Monniot and Monniot 1997), the 
Maldives, Indonesia and Phillipines (Monniot and Monniot 2001), New Caledonia (Monniot and Monniot 1996), Palau (Lambert 
2002), Guam (Lambert 2003), Hawaii (Godwin and Lambert 2000), Panama (Carman et al. 2011), USA (Lambert 2002), Galapagos 
Islands in Ecuador (Witman and Smith 2003), Madeira Island in Portugal (Canning-Clode et al. 2013). Countries with recent 
ascidians or invasive species surveys and where D. perlucidum has not been recorded to date include the Red Sea (Shenkar 2012), 
South Africa (Rius et al. 2014), Madagascar (Monniot 2012) and the Seychelles (Floerl et al. 2006). 
 
Globally, ascidians are among the taxa with the 
highest reported record of introduced species (Lambert 
2002; López-Legentil et al. 2015; Pagad et al. 2015) 
and according to a risk-based approach, didemnid 
species are listed as target species for both state and 
national introduced marine pest monitoring programs 
in Australia. Following its first detection in Australia, 
monitoring programs supported by molecular identi-
fication techniques have documented the distribution 
of D. perlucidum throughout the state of Western 
Australia (WA) and in the Northern Territory (NT). 
Given the absence of previous records of D. 
perlucidum in Australia, a country from which 
ascidian diversity has been extensively described 
(Kott 2005; Shenkar and Swalla 2011), and its 
demonstrated invasive characteristics (Smale and 
Childs 2012; Bridgwood et al. 2014; Muñoz et al. 
2015), D. perlucidum is being managed in Australia 
as an introduced marine pest. 
A primary aim of the current study was to review 
the current known global distribution of D. 
perlucidum and collect biological specimens from 
across its global range. Whilst the species has been 
reported from numerous locations across the Atlantic, 
Pacific, and Indian Oceans (Figure 1), its native 
range remains undetermined (Lambert 2002; Muñoz 
et al. 2015). We further sought to use this specimen 
collection as a basis to investigate the molecular 
diversity across the range of D. perlucidum in an 
attempt to identify the likely native range and 
potential origin of the species in Australia. The use 
of genetic information has previously proven of 
great value in resolving the status of “cryptogenic” 
species (Holland 2000; Cristescu 2015). Resolution 
of this question is generally based on the principle 
that genetic diversity of a species is often relatively 
high in its native range due to an accumulation of 
mutations within natural populations over a long 
timeframe. When species are first introduced into a 
new location, only a small subset of that genetic 
diversity is initially transported and becomes 
established, which creates a founder effect (Dlugosch 
and Parker 2008) that is reflected in a reduced genetic 
diversity  within  the new expanding population. As 
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Table 1. Location, type of substrate and GPS coordinates of sampling sites, number of D. perlucidum colonies sampled (n) and haplotypes. 
Sampling location Substrate GPS n Haplotype 
Australia 
1. Esperance port, Western Australia settlement array 33º52′18″S 121º54′07″E 2 1 
2. Waterfront Marina, Albany, Western Australia Pontoon 35º01′52″S 117º53′16″E 2 1 
3. Port Geographe Marina, Busselton, Western 
Australia Pontoon 
33º37′52″S 
115º23′36″E 1 1 
4. Fremantle port, Western Australia settlement array 32º02′58″S 115º44′23″E 14 1 
5. Geordie Bay, Rottnest Island, Western Australia Pontoon 31º59′29″S 115º31′23″E 1 1 
6. Point Walter, Swan River, Western Australia Seagrass 32º00′40″S 115º47′12″E 1 1 
7. Hillarys Marina, Western Australia Pontoons 31º49′32″S 115º44′17″E 71 1 
8. Mindarie Marina, Western Australia Pontoons 31º41′25″S 115º42′00″E 2 1 
9. Batavia Coast Marina, Geraldton, Western 
Australia Pontoon 
28º46′03″S 
114º36′39″E 1 1 
10. Houtman Abrolhos Islands, Western Australia Pontoons 28º42′93″S 113º49′17″E 12 1 
11. Exmouth, Western Australia Pontoons 21º57′22″S 114º08′35″E 22 1 
12. Cygnet Bay, Western Australia oyster farm 16º23′27″S 122º55′38″E 8 1 
13. Dampier, Western Australia settlement array 20º39′46″S 116º42′04″E 45 1 
14. Darwin, Northern Territory oyster farm 11º92′52″S 136º80′17″E 5 1 
Japan 15. Kochi new port, Kochi Prefecture, Shikoku dock 33º26′10″N 133º26′36″E 1 1 
Hawaii 16. Keehi Lagoon, Oahu floating dock 21º18′59″N 157º53′09″W 39 1 and 2 
Mexico 
17. Veracruz, Gulf of Mexico buoys 19º11′17″N 96º07′19″W 12 1 and 3 
18. Club Nautico Mazatlan, Sinaloa, Gulf of 
California ropes and docks 
23º10′55″N 
106º25′28″W 8 1 
Colombia 19. International Marina of Santa Marta  ropes tied to floating docks 
11º14′31″N 
74º13′05″W 11 1 and 3 
Brazil 20. Florianópolis, Santa Catarina oyster farm 27º44′08″S 48º33′52″W 28 1 
 
the genetic geographical variation within species is 
often stronger than any morphological variation, it 
can provide a useful basis for the assignment of 
potential origin (Estoup and Guillemaud 2010; Geller 
et al. 2010). This is particularly true for recently 
introduced populations, as subsequent long-term 
multiple introduction events from different sources 
is known to increase genetic diversity and “blur the 
genetic signal” that would allow to track the origin 
of introduced populations (Sakai et al. 2001; Dlugosch 
and Parker 2008). This study reports on the 
evaluation of COI diversity across 286 specimens of 
D. perlucidum assembled from across the known 
global distribution of this species in an attempt to 
better understand the cryptogenic status and likely 
origins of this potential invasive marine pest in 
Australia. Understanding the origins of potential 
invasive marine pests remains fundamental to their 
risk-based management. 
Materials and methods 
Sampling 
Tissue samples were collected by hand (snorkelling, 
scuba diving or from artificial structures pulled from 
the water) from individual (discontinuous) colonies 
of D. perlucidum at locations in Australia and inter-
nationally between 2012 and 2015 (Table 1). Samples 
were preserved in 70–100 % ethanol and transported 
to the Marine Research Laboratories of the WA 
Government Department of Fisheries (DoF) at 
Hillarys for processing. The COI sequence from one 
colony previously collected in Japan, was also made 
available to this study. 
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COI amplification and sequence analysis 
Approximately 5 mg of ascidian tissue (with tunic) 
from each sample was transferred to an micro-
centrifuge tube, homogenised using a micropestle 
and 200µl of lysis buffer (Fisher Biotec), and 
incubated overnight with 20µl of proteinase K (Fisher 
Biotec) at 60ºC. DNA was extracted using a Fisher 
Biotec Favorgen FavorPrep Tissue Genomic DNA 
Extraction Mini Kit, following the manufacturer’s 
instructions (Fisher Biotec, Australia, Wembley, 
West Australia). PCR amplification of mtDNA COI 
haplotypes was performed using the Tun_forward 
and Tun_reverse2 primers developed by Stefaniak et 
al. (2009). PCR reactions were conducted in 25 µl 
containing 2 µl DNA, 1.25 mM of each dNTP, 62.5 
mM MgCl2, 2.5 µl of 10x reaction Buffer, 2.5 µM 
of each primer, one unit of Taq DNA polymerase 
(Fisher Biotec) and PCR-grade water (Fisher Biotec). 
PCR conditions consisted of an initial incubation at 
94 ºC for 1 min, followed by 5 cycles of 94 ºC for 40 
s, 45 ºC for 40 s and 72 ºC for 60 s; 35 cycles of 94 ºC 
for 40 s, 51 ºC for 40 s, 72 ºC for 60 s; and a final 
extension step of 72 ºC for 5 min. PCR reactions 
were conducted in an Applied Biosystems (ABI) 2720 
thermal cycler. A negative control, with no template 
DNA added, was included in all PCR assays. PCR 
products were separated by electrophoresis using 1.5 % 
agarose (Fisher Biotec) gels stained with ethidium 
bromide (Fisher Biotec) alongside a 100 base pairs 
(bp) molecular weight marker (Axygen Biosciences, 
Union City, California, USA) and visualised under 
UV light. 
Sequencing of unpurified PCR products was 
performed using the service provided by the Australian 
Genome Research Facility (AGRF) in Perth. All samples 
were sequenced in both directions and consensus 
sequences generated using the Sequencher® 5.0 
sequence analysis software (Gene Codes Corporation, 
Ann Arbor, MI USA). Sequences were aligned, 
analysed and trimmed in BioEdit 7.1.3.0 (Hall 1999). 
To our sequence set, we added three D. perlucidum 
haplotypes of the COI gene available from the NCBI 
GenBank database (JQ731735, JQ731740 and 
KR303626). 
Results 
A total of 187 samples were collected from within 
Australia and 99 samples were collected from 
locations elsewhere (Table 1), spanning the known 
geographical range (Figure 1). All specimens were 
confirmed as D. perlucidum based on sequence 
comparison of the CO1 “barcode” region. Despite 
previous records of D. perlucidum in Palau (Monniot 
and Monniot 1996) and Kaneohe Bay in Hawaii 
(Coles et al. 2002), and the suspected presence of D. 
perlucidum fouling mussel farms in Singapore, no D. 
perlucidum samples were available when researchers 
revisited these locations. One sample collected in 
another previously-reported D. perlucidum location, 
Zanzibar in Tanzania (Monniot and Monniot 1997), 
was identified as Lissoclinium fragile (Van Name, 
1902), a white colonial Didemnidae frequently 
mistaken with D. perlucidum during sampling. 
Analysis of 511 bp of the COI region of 286 D. 
perlucidum samples revealed three distinct haplo-
types. Sequences obtained from 182 samples collected 
at 13 sites in WA and from five samples collected at 
one site in the NT were represented exclusively by a 
previously reported haplotype for WA (JQ731735) 
which we refer to for convenience as Hap1. The 29 
sequences obtained from one location in Brazil, the 
one sequence obtained from Japan and the eight 
samples collected in the Mexican Pacific coast also 
belonged to Hap1. This haplotype was the most frequent 
overall (247/286) and was present at all locations 
sampled, in Australia and abroad (Table 1, Figure 1). 
In contrast, samples collected from Hawaii were 
dominated (25/39) by a second haplotype (Hap2), 
which was also represented by a single colony 
collected from a vessel incursion in New South 
Wales (NSW), Australia (JQ731740). Five of the 12 
samples collected from the Mexican Caribbean coast, 
and seven of the eleven samples collected from 
Colombia, revealed a previously unreported haplotype 
(Hap3, GenBank Accession number KU883151) 
(Figure 1, Table 1). We did not identify any sequences 
matching the KR303626 haplotype (Hap4) reported 
for D. perlucidum in India (Jaffar Ali et al. 2015). 
Hap2 and Hap3 were found to differ from Hap1 by 
only 5 base pairs and 1 base pair, respectively, while 
the Indian Hap4 differs from Hap1 by 3 base pairs. 
Discussion 
In the present work, we report on the current 
presence of established populations of D. perlucidum 
in Australia and internationally (Table 1). Our study 
greatly added to the known range of D. perlucidum 
in Australia through identification of six new 
location records in addition to the ones reported by 
Bridgwood et al. (2014). New locations in WA 
included Esperance, Albany, Rottnest Island, Mindarie, 
the Houtman Abrolhos Islands, and Exmouth. 
Detection from artificial structures at locations 
within the marine reserve areas of the Houtman 
Abrolhos Islands and Rottnest Island are of particular 
relevance, as such areas are classed as High Value 
Asset areas within the state. In addition, this study 
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represents the first documented characterisation of 
populations previously known to be established in 
the NT. Overall these findings highlight the ability 
of D. perlucidum to colonise across the wide range 
of environmental conditions encountered across this 
wide geographical range. Indeed, the identification 
of D. perlucidum from Esperance represents the 
southern-most detection of this organism in the 
world to date. 
From a global perspective, this study further adds 
to the known distribution of D. perlucidum, by 
documenting the first reports of D. perlucidum from 
Japan and Mexico. It is also the first documented 
characterisation of colonies previously suspected (F. 
Brown, University of Sao Paulo, Brazil, personal 
communication) to be present at Santa Marta, 
Colombia. Detection at Kochi in southern Japan 
represents the most northern latitude from which this 
organism has been detected to date. Whether D. 
perlucidum is able to persist at the climatic extremes 
of Esperance and Kochi throughout the year remains 
unclear, as the species has been shown to be strongly 
influenced by seasonal changes in temperature 
(Munoz et al. 2015). The detection in Japan also 
represents the first documented report of the tropical 
invasive species D. perlucidum co-occurring with 
the temperate invasive species Didemnum vexillum 
(Kott, 2002), within the native range of D. vexillum. 
Detection from the east coast of Mexico adds to 
previous reports of D. perlucidum from US waters in 
the Gulf of Mexico area (Lambert 2002). The detection 
of D. perlucidum from the west coast of Mexico is, 
as far as the authors are aware, the first reported for 
the Gulf of California. Attempts to collect further 
samples in this area was complicated by weather 
conditions and the fact that the disappearance of D. 
perlucidum mats, as well as other four introduced 
ascidians namely Botryllus schlosseri (Pallas, 1766), 
Botrylloides nigrum (Herdman, 1886), B. violaceus 
(Oka, 1927) and Polyclinum constellatum (Savigny, 
1816), is common in this area after weather events 
such as tropical depressions, storms and hurricanes, 
and consequent floods (MA Tovar-Hernandez, personal 
observation). This kind of tropical disturbance may 
explain the apparent disappearance of D. perlucidum, 
or any other look-alike ascidians, from Singapore, 
Palau and Kaneohe Bay in Hawaii. 
The great majority of colonies of D. perlucidum 
from locations reported in this study were obtained 
from artificial structures from within ports, harbours, 
and marinas. In WA, the exception to this was the 
invasive D. perlucidum population found established 
and heavy fouling seagrass meadows in the Swan 
River. Despite the awareness and obligation to 
report D. perlucidum populations in Australia, this 
species has not been noticed from natural habitats 
such as marine reefs. This is consistent with the fact 
that the species has been historically reported in 
association with sites under anthropogenic influence 
(Monniot 1983; Lambert 2002; Kremer et al. 2010; 
Bridgwood et al. 2014). Indeed, the presence of D. 
perlucidum has not been noticed to date from natural 
substrates in the countries sampled outside Australia 
such as Hawaii, where researchers are routinely 
involved in the survey of marine protected areas. 
Despite the numerous surveys of ascidian species 
from natural and artificial substrates such as 
Monniot (1983) in Guadeloupe, Monniot and Monniot 
(1997) in Tanzania, Lambert (2003) in Guam, and 
Lambert (2002) in Palau, this species was found 
mainly restricted to artificial structures like pylons 
and buoys, and locations with high abundance of 
dead coral. The fact that there are few records for the 
occurrence of D. perlucidum in natural substrates 
supports the previous notion that the native range of 
the species remains unknown (Lambert 2002; 
Monniot and Monniot 1997). 
In order to attempt to resolve the cryptogenic 
status of D. perlucidum in Australia we examined 
the molecular diversity of specimens obtained at the 
COI locus. COI was selected as an appropriate 
marker due to both it being used routinely in our 
laboratory as the basis for D. perlucidum identi-
fication and the fact that it has been demonstrated to 
be suited to the global-scale study of diversity 
amongst other closely related ascidians (Stefaniak et 
al. 2012). Overall the results of this study indicated a 
striking lack of COI genetic diversity across the 
known range of D. perlucidum. Limited genetic 
variation within colonial organisms with a largely 
asexual life cycle such as ascidians has been noticed 
at introduced locations and is suggested to represent 
an ecological advantage as it reduces inter-colony 
conflict, enhancing colonizing potential (Smith et al. 
2012). The haplotype detected in Australia was also 
shown to be the predominant haplotype worldwide. 
The level of genetic variation well below that 
reported in natural populations of other colonial 
ascidians supports the notion that the entire range of 
D. perlucidum reported in this study may reflect 
introductions from an as yet unidentified historical 
or contemporary natural population. This is 
supported by the fact that similar low COI haplotype 
diversity coupled to a predominant haplotype is also 
a pattern consistently observed for other introduced 
ascidians species such as Clavelina lepadiformis 
Mueller, 1776 (Turon et al. 2003), Clavelina oblonga 
Herdman, 1880 (Rocha et al. 2012), Botryllus 
schlosseri (Bock et al. 2012) and the closely related 
D. vexillum (Stefaniak et al. 2012; Ordóñez et al. 
P.J. Dias et al. 
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2015). However, we recognise that only through 
more comprehensive sampling, in tropical areas and 
within the D. perlucidum native range, could the 
association between low COI diversity and 
introduced populations of this species be confirmed. 
Teske et al. (2014) points out that in ascidians 
lacking a long-lived dispersal phase, and where the 
number of individuals establishing new populations 
might be small, it can be difficult to distinguish 
between recently established, natural, and introduced 
populations. The lack of understanding of the native 
range of introduced marine pests is also not unique 
to D. perlucidum, with similar situations existing for 
other introduced ascidians in Australia such as 
Botryllus schlosseri (Kott, 2005), Styela plicata 
Lesueur, 1823 (Torkkola et al. 2013) and Ciona 
intestinalis Linnaeus, 1767 (Zhan et al. 2010). 
Coupled with the lack of previous records of D. 
perlucidum despite numerous surveys of ascidians in 
Australia (Kott 2001, 2005; McDonald et al. 2005), 
evidence of invasive properties, and a widening 
detected distribution restricted mainly to artificial 
infrastructure, the detection of only a single haplotype 
of D. perlucidum in established populations of this 
species in Australia adds further support to the 
current hypothesis that D. perlucidum has been 
introduced relatively recently and likely has spread 
within this region. This study represents the most 
comprehensive mapping of the current global 
distribution of D. perlucidum and has resulted in the 
collection of a comprehensive biological specimen 
collection. Evaluation of COI molecular diversity 
across its global range lends support to the hypothesis 
that, like a number of other cryptogenic ascidian 
marine pest species, D. perlucidum appears to have 
been introduced into man-made environments across 
its global range. Future work is planned using finer 
scale population genetic markers in order to further 
resolve the pattern of likely spread of this species 
within Australia. Such information remains fundamen-
tal to understanding the distribution pathways of 
marine pests so that their introduction, dissemination 
and potential impacts can be effectively managed. 
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